A B S T R A C T The aims were to examine the effects of scoliosis (angle), and age on lung volumes, elastic properties of the respiratory system, and the ventilatory response to CO2. The A~XTT/'APCO2, were not significant, but the correlation coefficients between age and several of the derivatives of 'AZV /\Pc()2 and i\T. /APCO2 were significant.
of the rib cage during breathing (5); impaired development of the rib cage and lung during growth (6) ; accelerated degenerative age changes (7); and impairment of the force developed by the inspiratory muscles as a result of the abnormal shape of the rib cage.
Although the mechanical abnormalities of the respiratory system are the basic functional changes in scoliosis, there are few studies on the mechanical properties of the respiratory system; and none has analyzed the relationship between the angle of scoliosis and the abnormal elastic properties of the respiratory system. The compliance of the total respiratory system (C..)1 was reduced in five patients with severe scoliosis studied by Bergofsky, Turino, and Fishman (8) , but in three of the five patients, the compliance of the lung was reduced. By contrast, in a group of adults the range of slopes of the pressure-volume curves of the total respiratory system and its components were wide (9) , and in children the Crs was normal (7) . Both of these papers lacked data on the angle of scoliosis and statistical analyses of the effects of deformity. The Crs was reduced in one adult patient with respiratory failure (7) , and Caro and Dubois postulated that rigidity of the rib cage was the result of accelerated degenerative changes with age.
Although Bergofsky et al. (8) and associates in subsequent papers (10, 11) have argued that the increased work of breathing due to the reduced compliance of the respiratory system impairs the ventilatory response to C02, the ventilatory responses to CO2 were low only in their patients with chronic hypercapnia. Because acclimization of the cerebrospinal fluid to hypercapnia reduces the ventilatory response to C02, because the range of slope in normals is wide, ' Abbreviations used in this paper: Cc, compliance of the chest wall; Crs, compliance of the total respiratory system; Cidyn, dynamic compliance of the lung; Cistat, static compliance of the lung; FEV1, forced expiratory volume in 1 s; FRC, functional residual capacity; Paco2, partial pressure of CO2 in arterial blood; Pet(L), static transpulmonary pressure; RV, residual volume; TLC, total lung capacity; V, resting ventilation; AV/APco0, slope of the ventilatory response to C02, V02, oxygen consumption; VT, resting tidal volume;
AVT/APCO2, slope of the tidal volume response to CO2; VC, vital capacity. and because the numerical data are insufficient to demonstrate functional relationships, their hypothesis could not be confirmed by their data.
The aims of this investigation were to measure the elastic properties of the respiratory system and the ventilatory response to CO2 in a large group of patients with idiopathic scoliosis, and to analyze the contributions of age and scoliosis to the functional abnormalities. METHODS
Patients. 55 patients with idiopathic scoliosis, aged 9-72 yr (17 male, 38 female), who were in their usual state of health were studied. The age, angle of scoliosis, and anthropometric data are summarized in Table I and Fig. 1 , and the individual data are in Table I (Appendix).2 The angle of scoliosis was measured by the method of Cobb (12) . In the majority of patients the curve was thoracic, and most had adolescent scoliosis (Fig. 2) . The patients were asymptomatic except for dyspnea in some patients, and a history of cardiac failure in seven patients. Four patients also had chronic obstructive pulmonary disease, and the criterion of diagnosis was a forced expiratory volume in 1 s/vital capacity (FEV,/VC) of less than 70%. The data from these patients were not included in the general statistical analyses, but were used to illustrate the effects of obstructive lung disease on the lung volumes in scoliosis.
Measurements. The functional residual capacity (FRC) was measured by the closed-circuit, constant-volume, helium dilution method. Other subdivisions of the lung volumes and the FEV, were measured on a 9-liter Godart spirometer (Godart NV., De Bilt, Holland). The The Cs was measured by the positive pressure breathing method (15, 16) . The corrected volume changes above FRC were plotted against the corresponding end-expiratory pressures at the mouth. The slope of the line (Crs) was linear over the range of end-expiratory mouth pressures encountered (0-12 cm H20). The individual variation on repeated measurement was 5-10% of the C,. The static compliance of the lung (Cistat) was measured by a method similar to that of Stead, Fry, and Ebert (17) . The esophageal pressure was measured with a thin latex balloon, 10 cm long and 3.5 cm in circumference, surrounding a catheter of 1.2 mm ID. The balloon was positioned in the lower third of the esophagus and during measurements contained a constant volume of air in the range of 0.2-0.4 ml. Transpulmonary pressure was obtained by subtracting the pressure at the mouth from the esophageal pressure with a Sanborn 267B differential pressure transducer (Hewlett-Packard Co., Waltham Div., \Waltham, Mass.). Airflow was measured with a Lilly-type pneumotachograph, and volume was obtained by electronic integration of the flow signal (Godart integrator). The airflow at the mouth was interrupted by a solenoid interrupter valve of variable duration and frequency of interruption. The duration of interruption was 0.6-0.8 s, which allowed airway pressure to plateau and the transpulmonary pressure to be estimated in the presence of cardiac oscillations. The frequency of interruptions was designed to provide [6] [7] [8] [9] [10] interruptions over the VC. The subject performed several maximal inspirations before the pressure-volume curves of the lung were measured. The pressure-volume curves of the lung and total respiratory system were graphed, and the pressure-volume curve of the chest wall was obtained by subtracting the static transpulmonary pressure (P~t[L]) from the pressure at corresponding lung volumes of the pressure-volume curve of the total respiratory system. The variation of the Cistat on repeated measurements in the majority of patients was less than 10%, but was larger in some patients when the cardiac oscillations in the transpulmonary pressure were large. The dynamic compliance of the lung (Cidyn) was measured during normal tidal breathing (18) . For each patient the mean of [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] breaths was calculated. The data were recording on a HewlettPackard polygraph (Hewlett-Packard Co., Palo Alto, Calif.).
The ventilatory response to CO2 was measured by the modified rebreathing method of Read and Leigh (19, 20) . Ventilation during rebreathing was recorded on the kymograph of a Godart twin bell spirometer from the bag and bottle system into which the patient breathed. The Pco2 and the P02 in the gas at the lips were continuously measured by a respiratory mass spectrometer,3 or the CO2 was measured with a Godart Capnograph. The initial gas mixture was 7% CO2, 50%7CF 02, and 43%c N2. After the first 0.5 min, ventilation and average tidal volumes were calculated for each 0.5-min interval during the 4 
RESULTS
Physical characteristics. The correlation coefficients between the angle of scoliosis, and the height and the weight were, respectively, -0.506 (P < 0.001) and -0.371 (P = 0.001-0.010). In 11 of the 27 patients 18 yr or younger, the body weight was at or below the third percentile (23) . The correlation coefficients between the age and the variables height, weight, and angle were not significant.
Lung vwolumes. In the majority of patients both the VC and the total lung capacity (TLC) were less than the predicted lung volume, and the mean i±SEN1 percent predicted VC (60.5±42.77%) was significantly less than the mean percent predicted TLC (70.2+t2.67%) (Table II and Fig. 3 ).2 The TLC, percent predicted TLC, VC, and percent predicted VC were inversely proportional to the angle of scoliosis (Table III) . The mean percent predicted FRC was 79.3 (SENI 3.2) and was significantly less than the mean percent predicted RV (99.7+-5.2 SEMI) (Table II, (Table III) . The quantitative relationships between the angle and the percent predicted lung volumes indicate that for a 1000 angle, the precent reduction in TLC and its subdivisions was between 29 and 37%. The range of reduction of lung volume for a 1000 angle was 0.5-2.1 liters (Table III) .
Scoliosis and chronic obstructivte pulmonary disease.
Although the VC was reduced in all the patients with obstructive pulmonary disease and scoliosis, there was a diverse pattern of change in the other subdivisions of the lung volumes (Figs. 3 and 4). In two patients the RV was elevated, and in one the FRC was also increased. The Mechanical properties of the respiratory system. The mean Crs was 0.049 liter/cm H20 (SEM 0.004) ( Table   II) .2 The Cr. was directly proportional to height (r = 0.663) and to weight (r = 0.508), and was inversely proportional to the angle (Fig. 5a ). The Crs was unrelated to the age of the patients. (14) .
The compliance of the chest wall (C.w) was measured in 24 patients whose age (mean+4SEM) was 20.1+2.2 yr (range 9-52 yr) and angle was 88.9+6.2 SEM (range 38-150). These mean values are similar to those of the total group. The mean Ccw was 0.080 liter/cm H20 (SEM 0.012); and was directly proportional to the height (r = 0.777), and to the weight (r = 0.671). The Cc, was inversely proportional to the angle, and the correlation coefficient was -0.721 (Fig. 5b ). The correlation coefficient between age and CCW was not statistically significant (r = -0.165, P > 0.05).
The VC was directly proportional to the Crs (Fig. 6a ) and to the Ccw (Fig. 6b) . The correlation coefficients were 0.798 and 0.854, respectively. The relationship between the VC and the Cre was similar to that observed by Naimark and Cherniack (24) , and Johnson and Mead (25) (Fig. 7a) , and was similar to the relationships in subjects of 18 The correlation coefficients between the AVT,/APCo2 and the following were significant: VC, 0.878 (P < 0.001) (Fig. 7b) Neither of the slopes, AV/APcO2 or A~XT/ Pco2, nor the positions of the response curves were related to the Pco2, plasma bicarbonate, or the pH. (22) .4 For the subjects 18 yr or older, the correlation coefficients between age and AV APco. V02 and AV APco2/V were significant, and these derivatives for the whole group were of marginal statistical significance (Table V) . The correlation coefficients between age and the AVT/APco,/ht and AVT/ APCO2/VT in subjects with scoliosis of 800 or greater were significant (Table VI) .
DISCUSSION
The effects of scoliosis on body size and lung volumes. The relationships between size, structure, and function are one of the fundamental problems in scoliosis. (32) assumed that the same relationship exists in scoliosis between arm span and theoretical height as in normals between arm span and height, and predicted the lung volumes in scoliosis from the arm span. They calculated that in scoliosis the mean underestimation of predicted VC and TLC based on height was 20%o. Bjure, Grimby, and Nachemson (33) predicted the theoretical height from the angle and length of spine. Both these methods assume a normal relationship between theoretical We have demonstrated an inverse relationship between the angle and the VC, percent predicted VC, the TLC, and the precent predicted TLC (Table III) . These results are qualitatively similar to earlier observations that the greatest reductions in VC and TLC were seen when the angle was large (34) (35) (36) . The apparent different effects of scoliosis on the FRC previously observed (7, 8) have been resolved by this study, in which both the FRC and the percent predicted FRC were inversely related to the angle. It is reasoned that these differences were probably due to differences in the severity of scoliosis. It has also been shown in this study that although the range of values of percent predicted RV was wide (Fig. 4) , there was an inverse relationship between the angle and the RV and the 200 percent predicted RV. It will, however, be noted that while the intercepts on the y axis for the percent predicted TLC, VC, and FRC were between 87.6 and 102.5, the intercept for the percent predicted RV was 129.6 (Table III) . It is postulated that several mechanisms are responsible for the inverse relationships (14 between angle and lung volumes; they include impairment of body and thoracic cage development and the effects of rib cage and vertebral deformity on the elastic properties of the respiratory system and on respiratory muscle force.
Elastic properties of the respiratory system. This study has also demonstrated an inverse relationship between the angle and both Crs and Cc (Fig. 5a and  5b) . Therefore, although the elastic properties of the respiratory system were a function of body size, they were also dependent on the magnitude of the deformity. The mechanism of this relationship is, however, unknown. It may be argued that this relationship is due to the effect of scoliosis on the development of the thorax, abnormalities in the elastic properties of the chest wall due to the vertebral and rib cage deformity, and a relatively greater contribution of the diaphragm to deformation of the thorax during breathing than in normal humans (5) . Although it was postulated (7) that in scoliosis there is an accelerated stiffening of the rib cage with age, this was not confirmed by either the Cr8 or Cw data. The Crs analysis was based on the data of 42 patients and was representative of the entire age range. However, although the mean age of the patients in whom the C, was measured was similar to the total group, Ca data was available on only two patients over 40 yr of age. Therefore, if the effect of age on C, was nonlinear and increased with age, then this may be the cause of the failure to demonstrate age-dependent changes in the C,.
As has been observed in normal and obese subjects, there was a direct relationship between the vital capacity, and the Crs and also the C,. (24, 25, 37) ( Fig. 6a and 6b) . The similarity between the relationship observed in normals (24, 25) , and that in idiopathic scoliosis is of great interest. In normal subjects the maximal inspiratory position is determined by the balance of the elastic forces of the lung and chest wall, and the inspiratory muscle force (38) . The relationships demonstrated in this study are consistent with increased elastic forces due to the deformity being the major determinants of the maximal inspiratory position; however, the impairment of the inspiratory muscle force cannot be excluded. In young normals the RV is determined by the balance of the expiratory muscle force and the elastic forces of the rib cage (39) . In the patients with scoliosis, all percent predicted RV's over 120 (8 subjects, range 130-189%) were in subjects less than 20 yr, and the angle was usually severe. This is also consistent with the increased elastic forces due to the deformity acting as the major factor in determining the RV; however, further data are required to test the role of expiratory muscle force.
Ventilatory responses to CO2. In normals the range of slope of the ventilatory response to C02 is wide (19, (40) (41) (42) (43) , and no significant relationship has been demonstrable between the slope and body size (19, 40, 41) . However, racial differences have been observed (44, 45) , and the effects of both genetic and environ- body size and the mechanical properties of the respiratory system, as expressed by the lung volumes and the elastic forces, and both the slope and the pattern of the ventilatory response to CO2. Third, some confirmatory evidence of an age-dependent decrease in the slope of both the ventilatory and tidal volume response to CO2 has been identified in scoliosis, as has been observed in normals. This age-dependent decrease in the ventilatory response to CO2 may impair the ventilatory compensation for ventilation-blood flow maldistribution, and may therefore be synergistic in the age-dependent increase in Paco2. Fourth, the above statistical relationships demonstrable in idiopathic scoliosis were absent in paralytic scoliosis due to poliomyelitis (53) .
The investigation has, however, also identified unresolved problems of the functional abnormalities in scoliosis. These include the effects of scoliosis on respiratory muscle function, possible accelerated degenerative changes in the mechanical properties of the lungs and increased rigidity of the rib cage in the elderly, and the mechanism of the adjustment of the magnitude and pattern of the ventilatory response to CO2. Finally, whilst in recent years both surgical and nonsurgical methods of correction of scoliosis have been developed. there has been little evidence that they result in either an immediate or long-term improvement in function or longevity. The development of effective surgical and nonsurgical methods of correction requires the application of quantitative functional studies for evaluation. This study has indicated some of the measurements that may prove useful in the evaluation of management.
